The expression of laminin isoforms and lamininbinding integrin receptors known to occur in muscle was investigated during myogenic regeneration after crush injury. Comparisons were made between dystrophic 129ReJ dy/dy mice, which have reduced laminin ␣2 expression, and their normal littermates. The overall histological pattern of regeneration after crush injury was similar in dy/dy and control muscle, but proceeded faster in dy/dy mice. In vitro studies revealed a greater yield of mononuclear cells extracted from dy/dy muscle and a reduced proportion of desmin-positive cells upon in vitro cultivation, reflecting the presence of inflammatory cells and "preactivated" myoblasts due to ongoing regenerative processes within the endogenous dystrophic lesions. Laminin ␣1 was not detectable in skeletal muscle. Laminin ␣2 was present in basement membranes of mature myofibers and newly formed myotubes in control and dy/dy muscles, albeit weaker in dy/dy. Laminin ␣2-negative myogenic cells were detected in dy/dy and control muscle, suggesting the involvement of other laminin ␣ chains in early myogenic differentiation, such as laminin ␣4 and ␣5 which were both transiently expressed in basement membranes of newly formed myotubes of dy/dy and control mice. Integrin ␤1 was expressed on endothelial cells, muscle fibers, and peripheral nerves in uninjured muscle and broadened after crush injury to the interstitium where it occurred on myogenic and nonmyogenic cells. Integrin ␣3 was not expressed in uninjured or regenerating muscle, while integrin ␣6 was expressed mainly on endothelial cells and peripheral nerves in uninjured muscle. Upon crush injury integrin ␣6 increased in the interstitium mainly on nonmyogenic cells, including infiltrating leukocytes, endothelial cells, and fibroblasts. In dy/dy muscle, integrin ␣6 occurred on some newly formed myotubes. Integrin ␣7 was expressed on muscle fibers at the myotendinous junction and showed weak and irregular expression on muscle fibers. After crush injury, integrin ␣7 expression extended to the newly formed myotubes and some myoblasts. However, many myoblasts and newly formed myotubes were integrin ␣7 negative. No marked difference was observed in integrin ␣7 expression between dy/dy and control muscle, either uninjured or after crush injury. Only laminin ␣4 and integrin ␣6 expression patterns were notably different between dy/dy and control muscle. Expression of both molecules was more extensive in dy/dy muscle, especially in the interstitium of regenerating areas and on newly formed myotubes. In view of the faster myogenic regeneration observed in dy/dy mice, the data suggest that laminin ␣4 and integrin ␣6 support myogenic regeneration. However, whether these accelerated myogenic effects are a direct consequence of the reduced laminin ␣2 expression in dy/dy mice, or an accentuation of the ongoing regenerative events in focal lesions in the muscle, requires further investigation.
INTRODUCTION
Regeneration of muscle after injury involves degeneration of the damaged myofibers, infiltration of leukocytes, activation of mononucleated muscle precursor cells (also known as satellite cells or myoblasts), migration of myoblasts to the site of injury, and their proliferation, differentiation, and fusion to form multinucleated myotubes that mature into myofibers [1] . This process shares many characteristics with myogenesis during embryogenesis, with the exception that inflammatory cells play a major role in postnatal myogenesis.
Extracellular matrix molecules can influence myogenic regeneration either directly by controlling how and when cells move and influencing their differentiation pathways, or indirectly by presentation of growth factors and/or cytokines [reviewed in 2, 3] . It has been shown that both primary myoblasts and myoblastic cell lines attach and migrate preferentially on the basement membrane proteins, laminin-1 and -2, as compared to the interstitial matrix proteins, fibronectin and collagen type I [4, 5] . As a consequence of such interactions the myoblasts are induced to proliferate and fuse to form myotubes [5, 6] . In vitro, the interactions of myoblasts with laminins 1 (composed of laminin ␣1, ␤1, ␥1 chains) and 2 (␣2, ␤1, ␥1) are mediated by the ␤1 integrin series of receptors, in particular ␣7␤1 [7, 8] . In addition, nonintegrin receptors, such as ␣-dystroglycan, play a crucial role in muscle fiber attachment to the basement membrane in vivo [9, 10] . ␣-Dystroglycan is the extracellular component of the dystrophin-glycoprotein complex (DGC); it binds the C-terminal domains of laminins 1 and 2 [11, 12] and thereby plays a central role in interconnecting the extracellular matrix with the cytoskeletal protein, dystrophin, of the muscle fiber [13] .
The significance of the interconnection of the basement membrane with the cytoskeleton in muscle fiber integrity is evident from analysis of both naturally occurring mutations in humans and animal models, and in genetically manipulated mice [reviewed in 10] . It is well established that defects in the cytoskeletal protein dystrophin result in severe dystrophies such as Duchenne's or Becker's muscular dystrophies and the relatively mild myopathy in the mdx mouse model [10] . It is now clear that defects in other components of the DGC, as well as basement membrane proteins and their cellular receptors, also lead to different forms of muscular dystrophy. For example, mutations in the ␣-, ␤-, ␥-, and ␦-sarcoglycans, transmembrane components of the DGC, have recently been shown to be associated with the limb-girdle muscular dystrophies [14] , while reduced or complete absence of the expression of laminin-2, the major laminin isoform in mature muscle fiber basement membranes, results in congenital muscular dystrophies in both mice (dy/dy and dy 3J /dy 3J ) [15, 16] and man (merosin-negative congenital muscular dystrophy) [10, 17] . Similarly, elimination [18] or mutation [19] of integrin ␣7␤1, the main integrin receptor for laminin-2 in myogenic tissues, results in a congenital myopathy. Even though several molecules important for muscle fiber integrity have recently been associated with muscle disorders, there remain many muscular dystrophies which result from mutations in as yet uncharacterized molecules. This suggests that molecules other than those discussed above are involved in myogenic development and/or maintenance of the phenotype.
We have recently identified two laminin isoforms, laminin-8 (␣4, ␤1, ␥1) and -10 (␣5, ␤1, ␥1) in myogenic tissues which have developmentally regulated expression patterns [20 -22] . Laminin ␣4 and ␣5 are expressed in muscle fiber basement membranes early in embryogenesis and are downregulated at this site during development, remaining principally at the neuromuscular junction in the mature tissue where they combine with laminin ␤2 and ␥1 chains to form laminin-9 and -11, respectively [20 -23] . In contrast, laminin ␣2 is expressed in muscle fiber basement membranes throughout development and in the mature muscle as laminin-2 (␣2, ␤1, ␥1) and at the neuromuscular junction as laminin-4 (␣2, ␤2, ␥1) [5, 21, 23] . Recent data have shown transient upregulation of laminin ␣5 in basement membranes of newly formed myotubes during regeneration of normal adult muscle [2] , in regenerating focal lesions in dy/dy muscle [22] , and in merosin-negative congenital muscular dystrophy in man [24] . Laminin ␣4 is also focally upregulated in basement membranes of newly formed myotubes in focal lesions (and in the perineurium of peripheral nerves) in the dy/dy mice [22, 23] .
The present study documents the expression of laminin ␣1, ␣2, ␣4, and ␣5 chains and the main lamininbinding integrins, ␣3␤1, ␣6␤1, and ␣7␤1, during skeletal muscle regeneration after crush injury. Comparisons are made between muscles of adult dystrophic (dy/dy) and control (normal) 129ReJ mice in order to assess the importance of laminin-2 during myogenesis in vivo. In addition, selected in vitro studies were carried out with primary myoblast cultures of adult dy/dy and control skeletal muscle to determine the influence of various ECM matrices on the behavior of myoblasts from control and dy/dy mice.
MATERIALS AND METHODS

Animals, Crush Injury, and Sample Collection
Six-week-old dy/dy 129ReJ mice and control phenotypically normal littermates were obtained from the Animal Breeding facility at the Monash Medical Centre, Victoria, Australia. All procedures were conducted according to the guidelines of the National Health and Medical Research Council of Australia and with formal approval from the Animal Ethics Committee of the University of Western Australia.
A crush injury to the tibialis anterior muscle (TA) was performed as previously described [25] . Mice were sacrificed at Days 1, 2, 3, 5, and 7 after crush injury. One TA muscle was processed for frozen sections, while the other was fixed in 2% paraformaldehyde/phosphate-buffered saline, processed for paraffin embedding, and sectioned as previously described [2] .
Immunoperoxidase Staining for Desmin
Desmin is the main intermediate filament component of neonatal and adult skeletal muscle [26] and was used as a marker for myoblasts and myotubes [27] . Paraffin sections were stained for desmin using antigen retrieval and an immunoperoxidase staining method as described in [28] .
Immunofluorescence
The specificities and sources of all the primary antibodies used are listed in Table 1 . The ␣7 antibody was raised in rabbits by immu-nizing with a 340 aa long N-terminal recombinant fragment of the murine integrin ␣7 chain [29] . The antiserum was affinity-purified and has binding characteristics similar to the integrin ␣7 antibody described in Cohn et al. [30] , with the exception that it recognizes the A, B, and C isoforms of the ␣7 integrin. In some cases, double immunofluorescent staining was performed either with anti-desmin to identify myogenic cells or with anti-PECAM-1 as a marker for endothelial cells [31] . Rat monoclonal antibody supernatants were used undiluted. The polyclonal rabbit and rat antibodies, biotinylated anti-rat IgG (Vector Labs BA-4001), biotinylated anti-rabbit IgG (Jackson Immuno Research 711-066-152), Cy3-streptavidin (Biological Detection Systems A43001), and anti-mouse IgG were diluted 1/200. The staining protocols were as described previously [22] .
In Vitro Studies
Primary cultures of skeletal muscle. Cultures were established from skeletal muscle removed from the hind legs and backs of 5-to 6-week-old 129ReJ dy/dy and control littermates. The protocol, modified from previous studies [32] , was as follows: muscle was carefully debrided of fat, fascia, nerves, and large vessels and mechanically minced for 5 min in Collagenase/Dispase enzyme solution (Sigma), stirred at 37°C for 40 min, and washed twice by centrifugation in PBS (500g, 10 min), the pellet was resuspended in a trypsin solution (2 ml/g) and stirred for 5 min at 37°C. Trypsin digestion was stopped by the addition of Dulbecco's minimal essential medium (4.5 g/L glucose) (DMEM) plus 10% horse serum, and the suspension washed twice in DMEM plus 10% horse serum, resuspended in final medium, and filtered through 100-mm nylon gauze. The final primary cell suspension was washed (three times) in 0.5% BSA in DMEM and incubated with agitation at 37°C for 20 min to allow recovery from enzyme digestion.
Aliquots of 25,000 cells (50 l) were added in triplicate to 96-well ELISA plates precoated with laminin-1, laminin-2, matrigel, fibronectin, vitronectin, or gelatin. Cultures were fixed in 2% paraformaldehyde at 48 or 72 h after plating and stained for desmin as described above. The number of desmin-positive adherent cells was scored visually and expressed as a proportion of the total cells. An analysis of variance was performed to compare the adhered and spread cells in triplicate wells at each time point between the different substrates.
ECM substrates. The ECM proteins used as culture substrates were mouse laminin-1 [33] , mouse laminin-2 [33] , matrigel (Collab. Biomed. 40234), mouse fibronectin isolated from plasma by gelatinSepharose chromatography [33] , mouse vitronectin (Gibco), and gelatin (Sigma G1890). These proteins were coated (5 g/ml) onto the culture surface of the wells of 96-well high-protein-binding Elisa plates (Corning 25-805-96) overnight at 4°C before use.
RESULTS
Appearance of Regenerating dy/dy and Control Skeletal Muscle
The key cellular events of regeneration in crush injured skeletal muscle are illustrated schematically in Fig. 1 . The central area (Zone A) contains necrotic muscle, blood vessels, and nerves with interstitial matrix and basement membrane fragments. Muscle regeneration starts at both edges of the crush injury, around the resealed ends of damaged muscle fibers, and progresses over time throughout the central necrotic zone. This "regenerating zone" (Zone B) contains mononuclear cells including inflammatory cells, fibroblasts, and myoblasts. The myoblasts proliferate, align, and fuse into myotubes which subsequently fuse to the sealed tips of the surviving damaged myofibers. Dy/dy muscle differs from uninjured control muscle (Zone C) by the presence of endogenous focal areas of necrosis and regeneration (Zone D). In control muscle, phagocytic events predominate at 1 day after crush injury; by 3 days new myotubes are seen; and from 5-7 days the necrotic core is progressively replaced by the expanding regenerating zone and new myofibers (as described in [25] ).
Myoblasts and myotubes are easily recognized in the crushed muscle by their intense expression of desmin [34] (compare Fig. 1b , Zones B and C). The pattern of histological appearance and desmin immunostaining after crush injury was similar in dy/dy mice and their nondystrophic littermates, except that regeneration progressed more rapidly in the dy/dy muscle: at 2 days following crush injury newly formed myotubes were apparent in dy/dy muscle, and by Day 5 regeneration was advanced.
Laminin ␣ Chain Expression in Skeletal Muscle in Vivo
Consistent with previous studies, there was no laminin ␣1 [5, 22] or ␣3 [35] staining around myotubes or myofibers in either dy/dy or control muscle at any time.
In uninjured muscles, intense laminin ␣2 chain staining was seen surrounding myofibers and the endoneurium of peripheral nerves in control mice (Fig.  2a) . As previously reported, a similar pattern but with greatly reduced intensity in the myofibers and little or no staining in the nerves was seen in dy/dy muscle (data not shown) [22] . Staining for laminin ␣4 and ␣5 chains was very weak or undetectable around undamaged mature muscle fibers in both dy/dy and control muscle, but was associated with basement membranes of blood vessels, smooth muscle of arteries, and the perineurium of peripheral nerves [2, 21, 22] . Weak laminin ␣4 chain staining was also associated with endoneural basement membranes in both dy/dy and control muscle (an example of laminin ␣4 staining in control muscle is shown in Fig. 2b ). As previously described [22, 23] , the staining intensity of laminin ␣4 in perineural and, to a lesser extent, endoneural basement membranes was greater in dy/dy than in control muscle and staining of small diameter myofibers in focal lesions was apparent in the "undamaged" portions of the muscle (Zone D). After crush injury, the expression patterns of the laminin chains did not change in the "undamaged" portions of the muscle. After crush injury, by 2 days in dy/dy muscle and 3 days in control muscle, distinct zones of regeneration were apparent, characterized by cellular infiltration and small diameter myotubes ( Fig. 1 , Zone B). Laminin ␣2 staining remained associated with remnants of muscle fiber basement membranes and, in the case of control muscle, with basement membranes of newly forming myotubes. In some cases small desmin-positive myotubes in the control muscle were devoid of laminin ␣2: this was seen in muscles sampled at all times (compare Figs. 3a and 3b) . Staining of consecutive sections for laminin ␣2 and ␣4 or ␣5 revealed that laminin ␣2-negative myotubes express either laminin ␣4 or ␣5 (an example is shown in Figs. 3c and 3d). Laminin ␣4 was present around small desmin-positive myoblasts and myotubes in both dy/dy (Figs. 3g and 3i) and control muscles (Figs. 3d and 3e) , and a diffuse interstitial expression was observed in the regenerating zones (Fig. 3i ). Blood vessels stained very strongly for laminin ␣4 chain in both dy/dy (Fig. 3g ) and control muscle (Fig. 3e) . The extent of myotube and interstitial laminin ␣4 staining was significantly greater in dy/dy than in control muscle, consistent with the previously reported upregulation of laminin ␣4 in dy/dy muscle (compare Figs. 3d and 3e with Figs. 3g and 3i) [22] . Some of this increased interstitial staining for laminin ␣4 in dy/dy muscle could be accounted for by increased numbers of infiltrating endothelial cells, as revealed by staining of consecutive sections for laminin ␣4 and PECAM-1. However, fibroblasts also contributed to the broader laminin ␣4 expression in the dy/dy muscle, which is consistent with the previously reported expression of laminin ␣4 mRNA by mesenchymal cells in skeletal muscle and other tissues [20] .
Laminin ␣5 staining also occurred around some im- mature myotubes in dy/dy and control muscle (Fig. 4) , but it was not as widespread as laminin ␣4 staining (Fig. 3) . In addition, laminin ␣5 antibody strongly stained basement membranes of large but not immature blood vessels in regenerating areas (Fig. 4b) , consistent with the observation that laminin ␣5 is expressed only in basement membranes of smooth muscle surrounding arteries in mouse embryos and of mature capillaries in postnatal mice [21] . No significant difference was observed in the laminin ␣5 staining pattern between dy/dy and control muscle.
No laminin chain expression was observed within the necrotic central zone of the crush injury (Zone A).
The changes in staining patterns for the laminins were mainly associated with the histological appearance resulting from expansion of the regenerating zone and few marked differences were noticed with time. By 7 days after injury, new muscle formation was advanced in both dy/dy and control muscle. At this stage, laminin ␣2 staining was detectable on large newly formed myotubes in dy/dy muscle and was conspicuous on myotubes of all sizes in control muscle (Figs. 3a and 3b). As the myotubes matured the staining for laminin ␣4 in the interstitium decreased. Staining for the laminin ␣5 was not seen on larger mature myotubes of either dy/dy or control mice. Laminin isoform expression data for undamaged and regenerating dy/dy and control muscle are summarized in Table 2 .
Integrin ␤1, ␣3, ␣6, and ␣7 Expression in Skeletal Muscle in Vivo
In uninjured dy/dy and control skeletal muscle, staining for ␤1 integrin occurred on surfaces of muscle fibers, peripheral nerves, and, most intensely, blood vessels, with little interstitial staining (Fig. 5a) . After crush injury, ␤1 integrin staining became more widespread, occurring in regenerating areas and in the necrotic core at all stages in both dy/dy and control muscle (example shown in Fig. 5b ). Integrin ␤1 staining was mainly associated with newly formed myotubes (Figs. 5c and 5d ) and with desmin-positive mononucleated cells in the interstitial connective tissue, although some staining of desmin-negative cells was observed (Figs. 5e and 5f ).
The main laminin-binding ␤1 integrins found in skeletal muscle are ␣3␤1, ␣6␤1, and ␣7␤1. Integrin ␣3 was not detected in either undamaged or crush injured dy/dy or control muscle at any of the stages investigated (data not shown). In uninjured dy/dy and control muscle, integrin ␣6 was associated only with blood vessels and with peripheral nerves where there was distinct perineural and slightly weaker endoneural expression (Figs. 6a and 6b) . After crush injury ␣6 integrin staining broadened, extending to the interstitium of the necrotic core (Figs. 6c and 6e) . Double staining for integrin ␣6 and desmin revealed that most integrin ␣6-positive cells were nonmyogenic (see Figs.  6c and 6d, Figs. 6e and 6f) . In regenerating dy/dy muscle, occasional myotubes stained positive for integrin ␣6 (Figs. 6c and 6d) ; however, this myotube staining was rarely detected in control muscles (Figs. 6g and  6h) . Staining of consecutive sections for integrin ␣6 and PECAM-1 revealed strong expression of integrin ␣6 on endothelial cells in the regenerating areas (data not shown). However, the integrin ␣6 staining was broader than that for PECAM-1, suggesting expression of integrin ␣6 by other mononucleated cells such as infiltrating inflammatory and fibroblastic cells. Comparison of integrin ␣6 and laminin ␣4 staining patterns revealed distinct similarities in both undamaged and regenerating muscle, but also differences (compare Figs. 6i and 6j): Both were expressed by endothelial cells, peripheral nerves, and fibroblasts; however, laminin ␣4 expression was more widespread surrounding myogenic cells than integrin ␣6. The relative staining pattern for integrin ␣6 was essentially the same at all stages of crush injury examined.
As previously reported [18, 36] , integrin ␣7 staining was associated mainly with the myotendinous junction in undamaged portions of both dy/dy and control muscle, with weaker staining on other regions of the myo- fiber surface (Figs. 7a and 7b) . Integrin ␣7 staining of muscle fibers was irregular in both dy/dy and control muscle, with some fibers staining intensely and others showing little or no staining (Fig. 7a) . The variability in integrin ␣7 staining was slightly more pronounced in dy/dy than in control muscle, as previously reported   FIG. 3 . Laminin ␣2 and ␣4 chain expression in regenerating muscle. Control muscle 5 days after crush injury double stained for laminin ␣2 (a, e) and desmin (b, f), and consecutive sections stained for laminin ␣2 (c) and ␣4 (d). Consecutive sections of dy/dy muscle 7 days after crush injury stained for laminin ␣4 (g, i) and desmin (h, j). Note the absence of laminin ␣2 staining in some small desmin-positive myotubes (arrows in a and b), and laminin ␣4 immunoreactivity surrounding laminin ␣2-negative myotubes (arrows c and d). Laminin ␣4 antibody stained newly formed myotubes (e, g) identified by desmin staining in f and h (arrows), the interstitium of regenerating areas (i), and blood vessel basement membranes (open arrows in e and g). Magnification, ϫ200.
for the ␣7B variant, and does not correlate with fiber type (slow or fast) or extent of laminin ␣2 expression [30, 37] . Weak integrin ␣7 staining was seen on the perineurium and endoneurium of nerves and on smooth muscle cells of large blood vessels (Fig. 7b) : this has not been reported previously. Staining of consecutive sections of crushed muscle for desmin and integrin ␣7 revealed weak staining of myoblasts and small myotubes in regenerating areas in both dy/dy and control muscle. In general, the newly formed myotubes stained most intensely for integrin ␣7 in both dy/dy and control muscle, and staining was more uniform than that observed in uninjured muscle (Figs. 7c and 7d) . At all stages, integrin ␣7 staining was less extensive than the corresponding desmin staining (Figs. 7e and 7f) , suggesting the presence of other integrin ␣ chains on myogenic cells. Integrin expression data for undamaged and regenerating muscle for dy/dy and control muscle are summarized in Table 2 .
Primary Cultures of Myoblasts from dy/dy and Control Muscle
Limited in vitro studies were performed to compare the response of dy/dy and control myoblasts to various ECM substrates. The availability of purified ECM molecules limited the number of substrates tested to laminin-1, laminin-2, matrigel, fibronectin, vitronectin, and gelatin (denatured collagen I). The yield of viable mononuclear cells per gram of muscle was two to three times greater from dy/dy (approx. 6.0 ϫ 10 6 cells) than from control muscle (approx 2 ϫ 10 6 cells). The proportion of desmin-positive cells was significantly greater on laminin-1, laminin-2, and matrigel, relative to fibronectin, vitronectin, and gelatin in both dy/dy and control cultures (Table 3 ). All cultures prepared from control muscle contained a higher proportion of desmin-positive cells than dy/dy cultures.
Two phenotypically distinct myoblasts (desmin-positive cells) were noted in cultures. While most myoblasts from control (Ͼ99%) and dy/dy (90 -95%) cultures had the conventional short bipolar appearance (Figs. 8a and 8b) , some myoblasts in dy/dy cultures (5-10%) were characterized by thin, extended processes (Fig. 8c) . These latter "whispy" cells were more numerous in dy/dy cultures grown on the interstitial matrix proteins fibronectin, vitronectin, and gelatin (denatured collagen I) where they represented 10.2, 10.5, and 9.7% of the desmin-positive cells respectively. In control cultures, these cells were normally rare (0.1-0.2%), although the proportion increased to 1.1% on the vitronectin substrate. The "whispy" cells do not proliferate in culture, but they stain positively for laminin ␣2.
DISCUSSION
The process of regeneration involves revascularization and infiltration of leukocytes into the damaged/ necrotic muscle tissue, repopulation by myoblasts and their fusion into multinucleated myotubes, and maturation of the myofibers. At early time points following crush injury (1-2 days) degenerative events predominate, while at later stages (3 days onward) the regenerative events predominate [25] . All steps in the regeneration process appeared similar between dy/dy and control animals, although regeneration was notably faster in the dystrophic dy/dy muscle.
That dy/dy muscle has an excellent capacity for regeneration in vivo accords with earlier studies using transplanted whole muscle grafts [38, 39] or bupivacaine-injured muscles [40] . A more rapid cellular infiltration and myogenic response in dy/dy muscle were apparent in both in vivo and in vitro investigations, and probably accounted for by the endogenous dystrophic lesions scattered throughout the uninjured dy/dy muscle. The greater yield of mononuclear cells extracted from dy/dy muscle and reduced proportion of desmin-positive cells upon in vitro cultivation reflect both the "proteolytically primed" nature of the dystrophic muscle tissue in vivo and the presence of inflammatory cells and "pre-activated" myoblasts. It is well documented that infiltrating leukocytes, especially macrophages, present in the dystrophic lesions release a multitude of cytokines and enzymes that mediate repair and myogenesis [reviewed in 41] . This is further supported by published observations that preinjured adult muscle grows more readily in culture than uninjured muscle [42] . The in vitro data also demonstrate a direct effect of extracellular matrix molecules on myoblast phenotype. The proportion of the unusual whispy desmin-positive cells observed in dy/dy cultures was more conspicuous on interstitial ECM substrates, while spindle-shape secondary myoblasts predominated on basement membrane components such as laminins 1 and 2, in accordance with previous studies [5, 27] . The whispy-shaped myoblasts are not capable of proliferating and stain positively for laminin ␣2; however, further investigation is necessary using additional myogenic markers to determine whether these cells reflect an altered myoblast differentiation and/or activation state. We have previously shown that the interstitial proteins, tenascin-C and fibronectin, are strongly upregulated within focal lesions of dy/dy muscle, and that laminin 8 and 10 probably compensate for the reduced amount of laminin 2 in basement membrane of newly forming myotubes in dy/dy muscle. Taken together, the data suggest that the extracellular milieu of dy/dy muscle in vivo affects the proportion of myoblasts, and also nonmyogenic cells such as leukocytes, at different stages of differentiation and/or activation within the dystrophic lesions, thereby also contributing to the regeneration processes after crush injury.
The most notable changes in expression patterns in regenerating muscle after crush injury were observed for laminin ␣4, and integrin ␤1 and ␣6 subunits, and between dy/dy and control mice (apart from laminin ␣2 which, as expected, was more weakly expressed in dy/dy muscle), for laminin ␣4 and integrin ␣6. In agreement with previous studies of regenerating [2] and developing [5, 22] muscle, laminin ␣2 occurred around most newly formed myotubes, although some desmin-positive myotubes lacked laminin ␣2 in both control and dy/dy muscle. The use of rat monoclonal antibodies for detection of laminin ␣ chains prevented double immunofluorescence to determine whether laminin ␣4 or ␣5 compensates for the absence of laminin ␣2 in these myotubes, but staining of consecutive sections strongly suggested that this is the case. Even though in vitro studies performed with primary skeletal myoblast cultures or the C2C12 myoblast cell line [5] have demonstrated that myoblasts are capable of synthesizing laminin ␣2 this was difficult to determine 
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Note. The data shown are for 5 and 7 days after crush injury for dy/dy and control animals, respectively, and are expressed as present ϩ, absent Ϫ, upregulated 1, or strongly upregulated _. MF, muscle fibers; MT, myotubes; MB, myoblasts; MTJ, myotendinous junction; E, endothelium; IS, interstitium; Leuko, leukocytes; N, peripheral nerves.
in vivo. This is consistent with the view that laminin ␣2 is not essential for myogenesis in vivo, but rather for myotube formation and/or stability [16, 22, 43] , and suggests that other laminin ␣ chains are expressed by myoblasts. Laminin ␣5 did not show an interstitial staining pattern in regenerating areas indicating that it is unlikely to be expressed by myoblasts in vivo. It was detectable in basement membranes of small newly formed myotubes in dy/dy and control regenerating muscle, but not in basement membranes of more mature myotubes and myofibers, in agreement with published data [21, 22] . However, laminin ␣4 was strongly expressed in the interstitium of regenerating areas, as well as in basement membranes surrounding newly forming myotubes. The interstitial staining was due to myogenic cells, endothelial cells, and fibroblasts and gradually decreased with increasing time after crush injury consistent with reduced migration of myogenic and nonmyogenic cells into the regenerating area. In vitro, laminin-1 and -2 have been shown to selectively maintain the proliferation of secondary myoblasts and modulate their shape and motility [4, 5, 44, 45] . The observed extensive expression of laminin ␣4 in both the interstitium and the surrounding myoblasts and newly forming myotubes in the regenerating areas and the absence of laminin ␣1 or ␣2 at these sites suggests that these myogenic effects are more likely to be mediated by laminin ␣4 containing isoforms in vivo. In vitro studies utilizing isolated laminin-8 are currently in progress to test this possibility. Integrin ␤1 expression broadened considerably after crush injury, extending to newly forming myotubes and the interstitium of regenerating areas. The expression pattern of ␤1 integrin was clearly more extensive than that of any of the laminin ␣ chains examined, consistent with the fact that this integrin subunit com- , is seen with anti-integrin ␣6 in uninjured muscle. Staining with anti-integrin ␣6 was seen on some myotubes in regenerating dy/dy muscles (see arrows c and d), but rarely in control muscle (e, f) even at high magnifications (g, h). Desmin-and integrin ␣6-positive structures in g and h are marked by arrows. Staining of similar sections of dy/dy muscle for integrin ␣6 (i) and laminin ␣4 (j) reveal similarities, but also more widespread staining of myogenic cells by anti-laminin ␣4. Magnification, ϫ200 (a-f, i, j); ϫ400 (g, h).
bines with several ␣ subunit partners, forming receptors for a variety of extracellular matrix molecules and cell-cell adhesion molecules which are likely to be expressed at sites of regeneration. Integrin ␣6 was also strongly upregulated after crush injury in both dy/dy and control muscle. In control muscle, the upregulation of integrin ␣6 in regenerating areas was mainly associated with nonmyogenic cells including fibroblasts, leukocytes, and endothelial cells [46] , all of which are migrating into and proliferating in the regenerating areas in the crushed muscle. Although the staining patterns for integrin ␣6 and laminin ␣4 showed some overlap in regenerating areas, such as endothelial cells, nerves, and fibroblasts, differences were also ap- 
FIG. 7.
Integrin ␣7 chain expression in uninjured and regenerating muscle. Staining with antibody to integrin ␣7 (a-e) and desmin (f) on uninjured (a, b) and regenerating (c-f) dy/dy (c, d) and control muscle (a, b, e, f). Regenerating muscle was sampled at 5 days (c, d) and 7 days (e, f) after crush injury. Note antibody to integrin ␣7 strongly stains myotendinous regions (a), weakly and irregularly stains myofibers (a, b), and weakly stains nerves (b). In regenerating muscle, newly forming myotubes expressed integrin ␣7 (c, d); staining of consecutive sections for integrin ␣7 (e) and desmin (f) revealed the presence of integrin ␣7-negative myoblasts and myotubes. An integrin ␣7-positive myotube is marked by arrows in e and f. Magnification, ϫ100 (a-d); ϫ200 (e, f). parent: In particular, laminin ␣4 was more broadly expressed around myogenic cells (myoblasts and myotubes) than integrin ␣6. In view of the reports that integrin ␣7␤1 is the major laminin-2 receptor [29, 37, 47] , it is interesting that no marked difference was apparent in staining patterns or intensities for the integrin ␣7 between dy/dy and control muscle, either undamaged or after crush injury. Although integrin ␣7 expression also broadened considerably following injury, extending to the newly formed myotubes, it was not as extensive as that observed for integrin ␤1 or ␣6. Integrin ␣7 expression was mainly associated with small newly formed myotubes, and only in rare cases were integrin ␣7-positive myoblasts identified. This is in accordance with previous studies which have shown that integrin ␣7 is expressed in primary muscle cells well after the onset of terminal differentiation [48] , and the observation that elimination [18] or mutation [19] of the integrin ␣7 results in a mild, late-developing myopathy.
Only laminin ␣4 and integrin ␣6 expression patterns were markedly different between dy/dy and control muscle. Both the intensity and the extent of laminin ␣4 and integrin ␣6 immunostaining were greater in dy/dy than in control muscle. In particular, a greater portion of newly forming myotubes in the regenerating area was laminin ␣4 positive in the dy/dy muscle. This was not surprising in view of the observed upregulation of both laminin ␣4 mRNA and protein previously reported in dy/dy muscle which probably compensates for the loss of laminin ␣2 in this mouse strain [22, 23] . However, the upregulation of integrin ␣6 in regenerating dy/dy muscle was unexpected. As in control muscle, integrin ␣6 expression in regenerating areas of dy/dy muscle was associated mainly with endothelial cells, and infiltrating fibroblasts and leukocytes, but was more widespread than in control muscle and an additional expression of integrin ␣6 on some newly formed myotubes was observed. Muscle regeneration also occurs in focal lesions of dy/dy muscle; nevertheless, no marked upregulation of integrin ␣6 expression was observed at these sites. Integrin ␣6 is also not expressed on myogenic cells during myogenesis in the embryo, and integrin ␣6 null mice do not have a skeletal muscle phenotype [49] , suggesting that it is not normally associated with myogenic events. However, crush injury results in extensive remodeling of the tissue with widespread angiogenesis and the infiltration of macrophages, polymorphonuclear granulocytes (PMN), and T-cells [2, 3] , while in focal lesions little new blood vessel formation occurs and infiltration of leukocytes is restricted to PMN. Hence, the increased integrin ␣6 staining observed in regenerating dy/dy muscle probably reflects enhanced infiltration of endothelial cells and leukocytes which is more pronounced than in normal muscle due to the scattered dystrophic lesions. Further, dystrophic lesions may result in elevated levels of cytokines and/or activating peptides, and both leukocytes and endothelial cells infiltrating the crushed muscle produce cytokines (such as IL-8) which may additionally stimulate integrin ␣6 expression.
In general, no distinct correlation between any of the laminin ␣ chains studied and the main laminin-binding integrins expressed in the regenerating muscle, ␣6␤1 and ␣7␤1 was observed. The data suggest that different integrins can mediate binding to the same laminin isoform, probably depending on the presence of surrounding activating agents, and/or the involvement of laminin-binding molecules other than those investigated here. Unpublished observations from our group have shown the widespread expression of integrin ␣5␤1 on both myoblasts and myotubes in regenerating muscle. It is unlikely that ␣5␤1 binds to laminin isoforms; however, it appears to play a role in myogenesis as mice chimeric for ␣5␤1 expression develops a muscular dystrophy late in embryogenesis which is probably related to impaired adhesion to fibronectin [50] . Similarly, integrins ␣4␤1 [51] , ␣9␤1 [52] , and ␣v␤1 [53] , also reported to be expressed in myogenic tissues, are unlikely to bind laminins. A novel integrin, ␣11␤1, has recently been identified and shown to be expressed on human myotubes [54] . This integrin has been shown to mediate binding of myoblasts to collagen type I; however, it remains to be established whether it has other binding partners such as the laminins. Studies are currently in progress to assess the role of ␣-dystroglycan as a laminin-binding molecule in muscle regeneration after crush injury.
In conclusion, only laminin ␣4 and integrin ␣6 expression patterns were found to be significantly different between dy/dy and control muscle after crush injury. In both cases, expression was more extensive in the dy/dy muscle, especially in the interstitium of regenerating areas and on newly formed myotubes. In view of the faster myogenic regeneration observed in dy/dy mice, the data suggest that laminin ␣4 and integrin ␣6 support myogenic regeneration. The previously reported upregulation of laminin ␣4 in dy/dy muscle together with the data presented here suggests that laminin-8 has similar myogenic capacities to laminin-2; i.e., that it supports myogenic differentiation. However, the cellular localization of integrin ␣6 suggests that its upregulation is more likely to result from accentuation of the ongoing regenerative events in focal lesions in the dy/dy muscle, and in this way contributes to the faster regeneration of dy/dy muscle after crush injury.
